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The detailed interfacial structure in the potential region of severe hydrogen evolution, to date, is far from clear due to lack of both 
experimental data and correlated theoretic models. It has been shown that it is possible to surmount, to some extent, the 
disturbance of the spectroelectrochemical measurement by strong hydrogen bubbling in the potential region of severe hydrogen 
evolution by using a surface enhancement effect and a thin-layer cell configuration. Using this approach, we have obtained 
surface enhanced Raman scattering (SERS) spectra of water at an Ag electrode at very negative potentials at various concentra- 
tions of NaC10,. To explain the abnormal reversal of the peak intensity ratio of the bending to the stretching vibration, a 
preliminary model of the electrode/electrolyte interface is presented. The water molecule is oriented with one hydrogen attached 
to the surface and the oxygen towards an adsorbed cation which is partially dehydrated owing to the very strong electrostatic 
force. Raman spectra of hydrogen bound at a Pt electrode in solutions of varying pH from 0 to 14 at potentials of mild hydrogen 
evolution have also been presented for the first time. The spectra reveal that the Pt-hydrogen interaction is influenced by both 
the potential and the interfacial structure. These primary studies may initiate more molecular-level research of electrochemical 
interfaces in the potential region of hydrogen evolution. 
1. Introduction 
In the past two decades technological advances have substan- 
tially changed the character of the study of electrochemical 
 interface^.'-^ Vibrational spectroscopies such as infrared (IR) 
and Raman and sum frequency generation (SFG) have been 
employed to identify the molecules, and the nature of the che- 
misorption bond. Second harmonic generation (SHG) and 
electroreflectance spectroscopy in the visible and UV range 
have provided information about the orientation of adsorbed 
molecular overlayers, surface states and surface composition 
and structure. X-Ray absorption spectroscopy has been 
employed to determine the coordination numbers for 
adsorbed species, the substrate-adsorbate bond lengths and 
surface structure. A large number of images of various elec- 
trode surfaces have been obtained using scanning probe 
microscopy (SPM).43 These impressive advances have been 
paralleled by the remarkable progress in ex situ and non situ 
techniques for surface characterisation, in particular at well 
defined electrode surfaces. A close link is provided between in 
situ spectroelectrochemistry and UHV surface science for the 
study of electrochemical  interface^.^-' Quantitative electro- 
chemical investigations based on thermodynamic measure- 
ments of capacity, charge and surface stress have also been 
carried out extensively so that basic data such as adsorption 
isotherms and free energies of adsorption for adsorbates can 
be correlated with the spectroscopic results. lo Therefore, a 
wealth of reliable information has been gained, especially in 
the last decade, to aid in the understanding of the complexity 
of interfacial electrochemistry. 
However, in spite of the fact that hydrogen evolution and 
adsorption have significance to many electrochemical applica- 
tions of technological importance, such as fuel cells, water 
electrolysis and some organic reductions, the interfacial struc- 
ture in the potential region of hydrogen evolution has been 
studied much less extensively than that in other potential 
regions;11-13 this is due to the extreme difficulty in studying 
the potential range of severe hydrogen evolution, e.g., for an 
Ag electrode at potentials negative of ca. -1.2 V (SCE) in 
acidic aqueous solutions or at ca. - 1.6 V in neutral aqueous 
solutions, either by conventional electrochemical methods or 
by spectroelectrochemical techniques. In differential capac- 
itance, impedance and chronoamperometric studies, informa- 
tion concerning adsorption processes and interfacial structural 
changes are submerged inevitably by huge faradaic currents 
due to hydrogen evolution. Large hydrogen bubbles generated 
on the surface can change the composition of the electrolyte 
near the surface and alter the light intensity irregularly which 
in general causes a destructive interference to in situ spectro- 
electrochemical measurements, or indeed makes measure- 
ments impossible. It is highly desirable, therefore, to explore 
some possibilities to probe adsorption processes and the inter- 
faces such as the structure of interfacial water during (severe) 
hydrogen evolution. A detailed discussion of this is given in 
the first part of the discussion section. 
After the discovery of surface enhanced Raman scattering 
(SERS) effect with giant (ca. 106-fold) e n h a n ~ e m e n t , ~ ~ . ' ~  
workers soon realised that it could become a powerful tool for 
investigating the vibrational characteristics of interfacial water 
molecules. However, the experimental conditions for the 
observation of SERS of water had been found to be very 
unusual compared to those normally adopted for other com- 
pounds. For example, the solution should contain a high con- 
centration of (pseudo-)halide ions. The necessity for this 
special condition has been explained in terms of the capability 
of these specific adsorbed anions to stabilise the SERS active 
sites and disrupt the hydrogen bond of the surface water and 
the network of water in solution. In fact, there has been much 
evidence for the SERS of water resulting from a special 
complex involving metal adatoms (clusters), halide ions, 
cations and water rather than typical water at interfaces.'6-18 
Moreover, the SERS of water was found to be irreversibly 
diminished at highly negative potentials because the desorp- 
tion of halide ions led to decomposition of the SERS active 
site surface c~mplexes. '~ The above features of the SERS of 
water diminished the usefulness of SERS for characterising the 
'typical' water molecules present in the double layer. 
In 1987 an interesting result concerning SERS of water at 
Ag electrodes from solutions free of (pseudo-)halide ions was 
reported by Fountikov et a!. 2o They, however, claimed that 
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only the SERS signal from the bending vibration of water 
could be detected, and the study was restricted to a very 
narrow potential range from -1.1 V to -1.45 V because of 
the interference of hydrogen evolution at more negative 
potentials. Unfortunately, these workers and others did not 
realise the significance of this result as the spectra were com- 
pletely different from typical vibrational spectra of water, 
especially in terms of the absence of the stretching mode. After 
six years progress was made owing to cooperation of our 
group and Fountikov's group. By using 8 mol dmP3 NaClO,, 
which can efficiently break the hydrogen-bonding network of 
water in the solution most efficiently, and using the special 
ORC procedure as described in ref. 20, good quality SERS 
spectra of both the v(0H) and 6(KOH) of water at Ag elec- 
trodes were obtained.21 Since the SERS of water can be 
detected in a much wider potential range including potentials 
of severe hydrogen evolution, the potential dependences of the 
wavenumber and intensity were investigated. The most strik- 
ing feature was that the SERS intensity of the bending vibra- 
tional band is dramatically increased in the potential region of 
hydrogen evolution and the reversal of the peak intensity ratio 
of Ib / l s  was observed at very negative potentials. However, an 
explanation of this behaviour was lacking in our initial study 
as we thought that it might just reflect the special case of 
employing highly concentrated NaClO,. In fact, at a con- 
ference we proposed a simple but unique model of the water 
orientation with only one hydrogen attached to the surface,22 
although we realise that the interfacial structure at very nega- 
tive potential is probably of a very complicated nature. 
The motivation to reveal the origin of the abnormally 
intense bending band has driven us to fully use the advantage 
of SERS in order to obtain a deep insight into the interfacial 
structure at very negative potentials. We have systematically 
carried out a study on the SERS spectral dependences with 
electrolyte concentrations, ions and applied potentials. The 
results reveal that the abnormal ratio of Ib/Is is a quite general 
feature at potentials very negative of the P.Z.C. (potential of 
zero charge). In this paper, we shall focus mainly on the 
bending vibrational band with abnormally high intensity and 
the abnormal reversal of the ratio I J I S  at potentials in the 
range of severe hydrogen evolution. The effects of various 
cations and anions on the SERS spectra, particularly the 
stretching band, in a wide potential range will be discussed in 
detail elsewhere.23 As mentioned above, there is no spectro- 
electrochemical data yet available for this particular potential 
region. Such data is therefore needed to make some essential 
comparisons with other vibrational spectroscopic results of 
water molecules in different environments, attributed not only 
to water orientation but also to the surrounding solution 
species in the electrochemical double layer. 
Hydrogen evolution itself is one of the most widely studied 
electrochemical processes. The interaction of hydrogen with 
metal electrodes in the potential region of hydrogen evolution 
has proven to be complex as established by electrochemical 
Since Pt is one of the most well characterised 
metals showing a strong interaction with hydrogen, it is of 
special interest to study the Pt-H vibrational band by in situ 
vibrational spectroscopy. To date, there have been few IR and 
SFG studies on this s u b j e ~ t , ~ ~ - ~ ~  and no Raman study has 
been reported mainly due to the lack of sufficient detection 
sensitivity. Very recently, utilising the high sensitivity of a con- 
focal Raman microscope and an adequate ORC procedure for 
surface pretreatment, we have, for the first time, obtained a 
series of good quality Raman spectra of various organic and 
inorganic molecules (e.g., pyridine, CO, SCN-, C1-) at rough 
or smooth Pt and Ni electrodes over a wide potential 
and the information of surface-adsorbate inter- 
actions has been obtained in the low-wavelength region which 
IR and SFG techniques have not This new 
progress allows one to extend surface Raman spectroscopy to 
the study of the interaction of hydrogen with transition 
metals. In the last section of this paper, a preliminary result of 
the Raman spectroscopic study on the hydrogen-Pt inter- 
action in the potential region of hydrogen evolution in various 
pH solutions will be presented. 
2. Experimental 
Most relevant details of the electrochemical SERS experi- 
ments on Ag electrodes have been described elsewhere.20 In 
brief, laser excitation was provided by a Coherent-Innova 
Model 200 Ar' laser operated at 514.5 nm, with ca. 30 mW 
power focused on a ca. 0.5 mm spot on the electrode surface 
at an angle of ca. 30" to the surface. The SERS signal was 
collected and fed into a double chronometer spectrometer 
(Jobin-Yvon Model U1000) at 90" to the incidence. Raman 
spectra of hydrogen bound to Pt electrodes were obtained 
using a highly sensitive confocal microprobe Raman system 
(LabRam I from Dilor, France) with an air-cooled 1024 x 256 
pixels CCD (Wright, England).27.30 The laser used was the 
same as above except that the laser spot on the surface was 
only ca. 0.5 pm in diameter. 
A single-crystalline Ag(ll1) disk (purity 99.999%) and a 
polycrystalline Pt disk were embedded in 12 mm diameter 
Teflon shrouds and served as the working electrodes, each 
with a surface area of 0.1 cm2. Prior to the electrochemical 
roughening procedure (oxidation-reduction cycle, ORC), the 
Ag electrode surface was carefully polished successively with 3 
pm, 1 pm, 0.3 pm and 0.05 pm alumina powder to a smooth 
mirror-like surface followed by chemical polishing. The ORC 
procedure for Ag was much the same as that in ref. 20 except 
that the anodic scan rate was decreased from 100 to 10 mV 
s-'  when the anodic current density approached 1 mA cm-2. 
The surface pretreatment to obtain a highly dispersed Pt 
surface will be described elsewhere.27 A large platinum ring 
served as the counter electrode. A PAR 173 potentiostat was 
employed for potential control. All potentials were quoted us. 
the saturated calomel electrode (SCE) and all chemicals were 
analytical reagents. Triply distilled water and milli-Q water 
were used in the Ag and Pt systems respectively. 
In order to remove the contribution of the normal Raman 
signal from the bulk solution in the SERS study on water, a 
difference spectrum method was employed in addition to the 
use of a thin-layer cell. The spectrum recorded at a potential 
at which the SERS effect is shown to vanish completely was 
taken as the background and was subtracted from each spec- 
trum. The SERS spectra of water in this work are difference 
spectra. This is important to extract the useful information, 
especially at potentials where SERS signals are very weak. By 
contrast, the surface Raman signals of v(Pt-H) appearing at 
ca. 2100 cm-I did not suffer interference from the bulk solu- 
tion, therefore the absolute spectra are presented. 
3. Results and Discussion 
3.1 Three methods to perform spectroelectrochemical 
measurements in the potential region of severe hydrogen 
evolution 
To carry out spectroelectrochemical measurements in the 
potential region of severe hydrogen evolution, there may be 
three ways, at least to some extent, to surmount the dis- 
turbance by strong hydrogen bubbling. These are: (i) use of 
the optical internal reflection spectroscopic configuration in 
which a special metal (or oxide) thin film coated onto a trans- 
parent substrate serves as the electrode. In this configuration 
the probing light beam does not pass through the solution 

































































phase as is usual, but enters into the substrate from the back 
(i.e. the probing light comes to the substrate surface in the 
direction which meets the requirement for optical internal 
reflection), and undergoes multiple reflections so that the 
hydrogen bubbles cannot block the probing beam. (ii) Press- 
ing the electrode against the cell window. With the help of a 
very thin layer cell configuration the hydrogen gas can only 
form very fine bubbles so that neither the incident nor the 
scattering (or reflecting) light intensities would be altered seri- 
ously by vigorous hydrogen evolution. However, the ohmic 
drop in the thin layer has to be taken into account. (iii) Uti- 
lising the surface enhancement effect. 3 1  After the discovery of 
the surface enhanced Raman scattering (SERS) effect with 
giant (ca. 106-fold) enhancement in the rnid-l970s, other 
surface enhanced optical phenomena including surface 
enhanced IR and SHG have also been reported. 32-34 As the 
surface enhanced factor is lo6 for the sample investigated, it 
means that the one monolayer adsorbate can be considered as 
equal to a million layers under normal conditions. The signal 
from such a 'million layer' is unaffected by hydrogen bub- 
bling. The drawback is that the strong surface enhanced effect 
has only been found in a few metals such as Ag, Au and Cu. 
The first method employing internal reflection requires 
special cell and electrode configurations. As a very thin metal 
(or oxide) film electrode is required to be evaporated on the 
optical material such as a quartz prism, routine surface 
pretreatment and measurement is very difficult to perform and 
indeed this method has not been adapted commonly in 
spectroelectrochemistry. It seems then that the way to perform 
measurements in the potential range of severe hydrogen evol- 
ution would be a proper combination of methods (ii) and (iii), 
although they too have their own drawbacks. To avoid severe 
alternation of the incident and scattered lights by large hydro- 
gen bubbles generated from the electrode surface, the elec- 
trode having surface enhanced activity is pushed as close as 
possible to the cell window, similarly to the thin-layer cell 
used commonly in the in situ IR technique, so that the strong 
hydrogen gas evolution is dispersed and evolved as very fine 
bubbles enabling smooth removal. It is necessary to point out 
that the real potential applied to the electrode surface at very 
negative potentials may be in doubt owing to the thin-layer 
cell configuration and the hydrogen evolution process. Prior 
to zach experiment, we used IR compensation and checked 
the ohmic potential drop to avoid a substantial potential shift. 
However, we have found that the SERS intensity of water 
increases remarkably at more negative potentials2' and it is 
highly desirable to conduct such measurements, despite the 
experimental conditions not being well suited to the general 
requirement for electrochemical measurements. Therefore, it 
should be pointed out that the potential values provided here 
may not be the exact values applied, however, this is not 
vitally important in the discussion on vibrational properties 
and structure of interfacial water in the potential region of 
severe hydrogen evolution. 
By taking advantage of methods (ii) and (iii), i.e. using a 
thin-layer cell configuration and the SERS effect, we have 
studied several systems in this particular potential region. It 
has been found that the SERS active sites consist of some 
special surface complexes which are decomposed in the poten- 
tial range of severe hydrogen evolution. Therefore, only the 
electromagnetic enhancement mechanism plays a key role, so 
that the SERS results are more reliable and easy to interpret. 
It has been demonstrated that some information can be 
extracted to describe the adsorption-desorption behaviour, 
electrode reactions and interfacial structures. For instance, the 
coadsorption of thiourea with the electrolyte anion CIO, - at 
an Ag electrode in acid solutions has been studied in a wider 
potential range. At ca. -1.3 V where severe hydrogen evolu- 
tion occurs, a good quality SERS signal of adsorbed C104- 
could still be obtained but the spectra changed remarkably. 
The signal from the coadsorbed ClO, - decreased in intensity 
much more sharply than that of thiourea, indicating that the 
coadsorbed anion is more strongly repelled by the negative 
charge of the surface.35 Another example is 2- 
mercaptopyrimidine (2MP) interacting with Ag electrodes. 
The SERS spectra altered dramatically as the potential was 
shifted to the region of hydrogen evolution. Through system- 
atic SERS study one can propose that hydrogen evolution 
promotes the hydrooligomerization of 2MP.' Nevertheless, 
the most interesting result we obtained at potentials of severe 
hydrogen evolution is the dramatic change in the SERS 
spectra of interfacial water, which will be illustrated in detail 
in the following section. 
3.2 The interfacial structure at Ag electrodes at very negative 
potentials 
Although many studies on the structure and orientation of 
water molecules in solidhiquid interfaces have been carried 
out using various techniques including conventional electro- 
and Raman spec- 
tros~opies,'~-' none have been performed in the potential 
region of severe hydrogen evolution. Therefore, the detailed 
interfacial structure in this very negative potential region is far 
from clear due to the absence of both experimental data and 
correlated theoretical models. Recently our laboratory has 
been carrying out a systematic SERS study on surface water 
by focusing on this specific potential range.46 It should be 
noted that two obstacles exist in obtaining a SERS spectrum 
of water. First, water is a very poor Raman scatterer, e.g., the 
cross-section for the 6(HOH) bending mode is at least two 
orders of magnitude smaller than that for the ring modes of 
pyridine. Secondly, water is the main constituent of the elec- 
trolyte phase and consequently much more bulk water is 
sampled than surface water. Therefore, even after creating an 
enhancement, the Raman scattering from water in the volume 
phase of the cell can make a significant, even dominant, con- 
tribution to the total scattering. In addition to the use of 
SERS and the thin-layer cell configuration, a potential differ- 
ence method has been used to circumvent this obstacle. We 
subtract from the SERS spectrum taken at one potential, the 
spectrum recorded at a different potential at which there is no 
SER scattering. In order to obtain the SERS of water from 
different electrolytes free of (pseudo-)halide ions, a unique 
ORC procedure was used.20,21 A key point of the ORC is that 
the reduction potential was held at -1.4 V rather than the 
usual -0.3 V. The SERS activity created by this ORC pro- 
cedure in the non-specifically adsorbed ion solution is very 
stable in the potential region negative of the P.Z.C. of Ag2'T21 
so that the SERS spectra recorded here were only obtained in 
this region, and the reference electrode potential was -0.3 V 
where the SERS effect vanished. 
Fig. 1 presents a set of SERS spectra of water at an Ag 
electrode in the negative potential region (- 1.1 to - 1.7 V) 
from a solution of 0.1 mol dm-3 NaC10,. As can be seen, the 
effect of the water-surface interaction can modify the vibra- 
tional spectra of the interfacial water dramatically in a 
number of ways. For example, as the potential was made 
more negative to the region of severe hydrogen evolution, the 
wavenumbers are shifted to lower values for the stretching 
mode and the FWHM of the band is increased considerably. 
The most striking feature is that the peak intensity of the 
bending vibration increases by an order of magnitude and the 
ratio of the peak intensity for the bending to the stretching 
vibration (Ib/ls) is abnormally high. It should be noted that in 
previous vibrational spectroscopic studies on the structure of 
surface water and bulk water of solution and ice, workers 
have almost entirely concentrated on the stretching vibra- 
tional mode while the bending mode has been rarely discussed 
mainly for the two reasons. First, v(0H) is more sensitive to 
chemical methods, 36-39 X - r a ~ , ~ ' * ~ l  1 4 2 - 4 5  

































































Fig. 1 SERS spectra of water from 0.1 mol dm-3 NaClO, at differ- 
ent electrode potentials. The wavenumber regions are 1500-1700 
cm-' (left) and 3240-3640 cm-' (right). Reference potential: -0.2 V. 
changes of environment, e.g., it can provide detailed informa- 
tion about the hydrogen bonding. Secondly, the intensity of 
the stretching vibration is much higher than that of the 
bending vibration, e.g., the ratio of ],,/Is of liquid water is ca. 
0.05. In general, the presence or absence, respectively, of 
(HOH) has been just simply used as a basis for identifying 
molecular H,O and any or all of its dissociation products 
since this vibration indicates the presence of the water mol- 
ecule. This criterion can also be used in the present study. In 
spite of the fact that a large amount of OH-  is produced by 
severe hydrogen evolution at the surface, we could not detect 
the SERS signal of the OH-  stretch at ca. 3700 cm-'. The 
strong observed signal from 6(HOH) indicates that water mol- 
ecules rather than OH- are predominant on the surface due 
to the very strong repulsive electrostatic field of the negatively 
charged surface. By contrast, in acid solutions we have 
observed the OH- stretching band at ca. 3716 cm-' at poten- 
tials of severe hydrogen evolution. The presence or absence of 
OH-  on the surface seems to be critically dependent on many 
factors, which may be related directly to the hydrogen evolu- 
tion mechanisms. A detailed study on this aspect is in 
progre~s.~'  Considering the information that the vibrational 
properties of 6(HOH) can provide over the stretching mode, 
we believe that the abnormal potential dependent SERS inten- 
sity for 6(HOH) and the surprisingly reversed ratio of I,,/Is of 
ca. 2 at -1.7 V (see Fig. 1) must be due to the special inter- 
facial structure in the potential of severe hydrogen evolution. 
It could be a good source of information about the surface 
water, in particular reflecting its orientation and environment. 
It is well known that the potential-dependent SERS inten- 
sity of a certain vibrational mode is correlated to the surface 
coverage and the orientation as well as to the SERS mecha- 
nisms. In previous SERS studies on water, it was extremely 
difficult to distinguish clearly the contribution of the two main 
SERS enhancement mechanisms : electromagnetic (EM) 
enhancement and chemical enhancement [charge transfer 
(CT)] me~hanism.~*-~'  The situation is more simple in the 
present study as the silver ions were reduced completely at 
very negative potentials so that the existence of the surface 
complex consisting of the electrolyte anion, cation, water and 
(partially charged) silver ion contributing to the CT mecha- 
nism could be ruled out, and therefore it is easier to discuss 
the change of SERS intensity with the potential simply based 
on the EM mechanism.48 According to the EM mechanism, 
the intensity of a certain mode will be enhanced substantially 
when the change of direction in the polarisability is perpen- 
dicular to the surface. To explain the greater enhancement in 
the intensity for the bending mode, one could propose the 
adsorption orientation of one hydrogen attaching to the 
surface at very negative potentials as shown in Fig. 2(a). With 
this particular orientation, the change of the polarisability of 
the bending mode is perpendicular to the surface, which may 
eventually lead to an effective increase in the enhancement 
factor of this mode. This 'orientation differs from the ordinary 
model with two hydrogens attached to the negatively charged 
surface as shown in Fig. 2(b). The key point for this particular 
orientation is to assume that the cation could be partially 
dehydrated due to the very strong electrostatic force. There- 
fore, the adsorption configuration of water on the surface 
shown in Fig. 2(a) could be favourable due to the preferable 
electrostatic interaction between the cation and the oxygen 
atom as the negative end of the dipole of water. A more 
detailed discussion on the model in Fig. 2 is provided below. 
The potential dependence of the bandwidth (FWHM) in 
Fig. 1 can provide further evidence for the orientation model 
of surface attachment of one hydrogen. It is well known that 
the fundamental vibrations of the water are sensitive to the 
type of environment. Therefore, variation of bandwidth of the 
fundamental vibrations of the SERS spectra, compared with 
that of the electrolyte, can be interpreted qualitatively in terms 
of structural changes. It is of special interest that the FWHM 
of the surface water is quite narrow at potentials in the range 
Fig. 2 A proposed model of the electrode/electrolyte interface at 
very negative potentials with different electrode potentials: (a) - 1.7 V, 
(b) -1.3 V 

































































-0.9 V to - 1.3 V (ca. 75 cm-') and increases considerably in 
the potential region of severe hydrogen evolution (ca. 150 
cm-I). It is much easier to understand that the small FWHM 
results from the much more ordered interfacial structure in 
comparison with that of the bulk electrolyte. On the other 
hand it is more difficult to associate the larger FWHM at very 
negative potentials to the more disordered interfacial structure 
even under a strong electrostatic field. A better explanation, in 
our opinion, is that at the less negative potentials most of the 
surface water are oriented with two hydrogens attached to the 
surface while at very negative potentials only one hydrogen is 
attached to the surface and the other is in solution. Therefore, 
the environment of the two hydrogen atoms of the water 
differs. However, it should also be noted that the interaction 
of water and Ag is not markedly strong compared with that 
for solution species and there are several possible interactions 
for the remaining hydrogen with the solution species, e.g., the 
anion, other water molecules or the cation. It is not possible 
to distinguish these interactions clearly from the correspond- 
ing spectral bands because they most likely overlap in the OH 
stretching region so that one can observe the striking increase 
of the FWHM by a factor of 2 as the potential is changed 
from - 1.1 V to - 1.5 V. 
Although the wavenumber of d(H0H) is not unusual it may 
provide a clue about the complexity of the interfacial struc- 
ture. The wavenumber of d(H0H) is 1610 cm-' at potentials 
around -1.3 V while it increases to ca. 1615 cm-' at more 
negative potentials. These values of 6(HOH) are higher than 
the gas-phase value of 1595 cm-' but lower than the pure 
liquid-phase value of 1640 cm-'. In general, lower wavenum- 
bers reflect a relatively strong H,O-metal interaction, whereas 
higher wavenumbers result from hydrogen-bond formation 
and weak metal-H,O bonds.' ' Unfortunately, this conclusion 
is based on the model that the water interacts with the surface 
through the oxygen atom and cannot be applied directly to 
the present study as the oxygen interacts with the adsorbed 
cation rather than the negatively charged surface. The hydro- 
gen atom would have even more complicated behaviour at the 
interface by interacting either with the surface or the solution 
species, depending on the orientation, as shown in Fig. 2. It is 
reasonable to presume that the wavenumber change is affected 
synergetically by the negatively charged surface and the 
coadsorbed ion (ion pair). At the less negative potentials when 
the water is oriented with two hydrogen attached to the 
surface, the intermolecular hydrogen bonding between the 
water molecules is considerably disrupted. The surface water 
may interact with the cation through the oxygen atom and the 
wavenumber of the bending mode decreases as the extent of 
charge transfer uia the oxygen atom to the cation increases. 
This may involve electron donation from the 3a, orbital 
and/or the lb,  orbital, leading to a decrease in the force con- 
stant of the bending mode.'' At more negative potentials, the 
cation could be forced to be partially dehydrated and quite 
close to the negatively charged surface so that electron dona- 
tion from the oxygen atom of the water to the cation could be 
decreased. Moreover, one of the hydrogens is pointed towards 
the solution and probably forms a hydrogen bond with a 
nearby water molecule. Therefore, the wavenumber of the 
bending mode is increased slightly in the potential region of 
severe hydrogen evolution. 
As mentioned above, the interfacial structure at potentials 
of severe hydrogen evolution is likely to be the most compli- 
cated, its vibrational properties are affected by many factors. 
The interesting reversal of the ratio of I J I ,  cannot be 
explained exclusively by the change of the orientation. It is 
highly desirable to make more comparisons of the differences 
and similarities of the vibrational properties of water, 
obtained by different vibrational spectroscopies, in different 
environments, e.g., the 'structural breaking' water in highly 
concentrated electrolyte solutions and the surface water under 
UHV. This could provide important clues about the bending 
vibration and the reversal of the ratio of I b / I s .  
The UHV studies on surface water by SERS and EELS are 
normally carried out at low temperatures (< 200 K) to investi- 
gate adsorption of water in vacuum. So far there have been 
only two papers concerned with the SERS of water at Ag sur- 
faces in UHV.52.53 The SERS spectrum of water is character- 
ised by the formation of three-dimensional microcrystallites 
with a hexagonal structure similar to ice I , .  This is because 
the substrate-water interactions ( < 40 kJ mol- ') are compa- 
rable to the water-water  interaction^.'^ Such an ice-like struc- 
ture is totally different from that at the very negative 
potentials where the surface is subjected to a strong electric 
field and the hydrogen bond of interfacial water is broken sig- 
nificantly. The drawback of previous SERS studies in UHV is 
the poor detection sensitivity. The authors estimated the 
enhancement factor of water to be only lo4 so that the signal 
could be detected only after several tens of layers of water 
were and it was impossible to detect the SERS of 
water in the submonolayer surface coverage. In contrast, 
EELS of surface water has been studied more extensively 
because high quality spectra of surface water can be obtained 
even at very low surface coverage. Three interesting features 
should be emphasised as they were similar to the present elec- 
trochemical system to some extent. First, the adsorbed water 
can be stabilised by coadsorption of a foreign species and 
interact directly with the coadsorbate in a manner termed sur- 
facial solvation. Most studies of this type have been performed 
with alkali-metal and halogen coadsorbates.' 5 * 5 6  Secondly, 
the coadsorption with a foreign species can cause reorien- 
tation of molecular water. For example, K and Cs cause water 
to be bound with the hydrogens towards the surface. The 
degree of this reorientation is dependent on both the surface 
coverage and the ionic size of the alkali-metal adatoms, and 
both v(0H) and 6(HOH) are strongly perturbed by the 
c~adsorba te .~  Thirdly, the reversal for the ratio Ib/Is  was 
observed for submonolayer quantities of water on the surface. 
Ibach and Lehwald found that the bending band intensity is 
much higher than that of the stretching band and decreased 
markedly at about one monolayer exposure, which indicates a 
major change in the structure of the adsorbed phase at this 
p ~ i n t . ' ~  Accordingly, for the electrochemical system at very 
negative potentials, one can assume that the water molecules 
adsorbed on the surface are surrounded by cations instead of 
other water molecules in the bulk phase so that the water 
structure and the orientation could resemble somewhat that 
observed in the above UHV studies. 
It should be emphasised that the requirement of low tem- 
perature and the difficulty in dosing cation and anion simulta- 
neously to the surface make the application of UHV results to 
the interpretation of the water-metal interactions rather 
unsuitable. On the other hand, the vibrational spectroscopic 
data obtained from various electrolyte solutions may elimi- 
nate this weakness. As the potential region discussed here is 
much more negative than the P.z.c., the interface must consist 
of a large amount of ions, the structure of which may be 
similar to some extent to that in highly concentrated electro- 
lyte solutions. In general the anion-water interaction is sus- 
ceptible to polarisation changes which would be more 
effectively induced by larger anions, whereas the cation-water 
interaction would be less sensitive. 5 8  The various configu- 
rations in which a cation or hydrogen of another water mol- 
ecule interacts with the oxygen atom in a particular water 
molecule apparently have only secondary effects on the OH 
bond of the same molecule simultaneously interacting with an 
anion.58 Fig. 3 shows the normal Raman spectra of water 
from various concentrated alkali-metal-anion electrolytes in 
comparison with pure liquid water. It can be seen that the 
ratios of Ib / I s  for all the electrolytes are larger than that for 
pure liquid water. It is reasonable to expect that the structure 






































































Fig. 3 Normal Raman spectra of water from different alkali-metal- 
anion solutions. The wavenumber regions are: 1500-1700 cm-' (left) 
and 3000-3650 cm-'(right) respectively. (a) Pure water, (b) 7.0 mol 
dmT3 NaClO,, (c) 6.5 mol dm-3 NaBr, (d) 7.0 mol dm-3 NaI. 
and vibrational properties of water can be changed substan- 
tially as the electrolyte concentration reaches saturation. 
Frank and co-workers have postulated a model for aqueous 
solutions in which there are three concentric regions around 
an ion:'* (i) an innermost region of polarised and electro- 
stricted water molecules; (ii) an outer region containing water 
having the normal liquid structure, and (iii) an intermediate, 
structure-disrupted region. For low-concentration electrolytes, 
the vibrational spectra showing larger FWHM contain contri- 
butions from water in all three regions. While the spectra of 
the highly concentrated electrolytes have significantly smaller 
FWHM and higher wavenumbers for the stretching vibration 
and lower wavenumbers for the bending vibration, revealing 
the remarkable disruption of the hydrogen bonding, only the 
innermost region of polarised water molecules can maintain a 
more ordered structure. For electrochemical systems, in the 
potential region of severe hydrogen evolution, the interface 
must accumulate a large amount of ions, especially cations. 
These ions (or ion pairs) may only retain an innermost region 
of polarised water molecules. Moreover, owing to the strong 
electric field at the interface, some cations may even be forced 
to be partially dehydrated and the remaining hydrated water 
could have a relatively ordered structure as shown in Fig. 2. 
As can be seen in Fig. 3, the high ratio of l b / l s  for 8.0 rnol 
dmP3 NaI is substantial and unique. Because the nature of the 
cation is found not to affect the ratio considerably, I- must be 
responsible for such an abnormal increase in intensity for the 
bending mode. It is therefore interesting to look at the con- 
centration dependent ratio more carefully for this particular 
electrolyte by recording a set of spectra of various concentra- 
tions as shown in Fig. 4. It is clear that the ratio is dramat- 
ically increased as the concentration of I -  is raised to 2 mol 
dm-3, indicating that the interfacial water for solutions con- 
taining high concentrations of I -  could have a unique struc- 
ture. This behaviour cannot be explained simply in terms of 
the breaking of hydrogen bonds between the water molecules. 
It is well known that C104- is a more effective hydrogen- 
bond disrupter than I-, as demonstrated by the higher wave- 
number of v(0H) at 3552 cm-' for C104- relative to 3464 
cm-' for I -  (Fig. 3). However, the ratio of I b / l s  for C10,- is 
1628 
-3441 (a 
Fig. 4 Normal Raman spectra of water of sodium iodide solutions of 
different concentrations The wavenumber regions are 1500-1700 
cm-' (left) and 3000-3650 cm-' (right) respectively. (a) 1.0, (b) 2.0, (c) 
4.0, (d) 7.0 mol dm-3. 
considerably smaller than that for I - ;  this implies that the 
situation for the water without (or with weak) intermolecular 
hydrogen bonding in the highly concentrated electrolyte and 
at the interface is very different from that in the gas phase. In 
the later case the water is completely free after the breaking of 
hydrogen bonds while in the former case the water molecules 
are not free but are changed upon interaction with the ion or 
the surface via its oxygen and/or hydrogens. Therefore, the 
vibrational properties and the structure of the water molecules 
in a highly concentrated electrolyte or interface are more com- 
plicated. At present it is impossible to provide a clear picture 
of the water structure in the NaI system. One can only give a 
possible explanation about a similarity in the water structure 
of this particular solution and at an interface. Iodide is the 
largest single atom having large polarisability and small 
hydration energy and can be compared to a silver atom but 
carrying a negative charge. As cations and anions prefer to 
form ion pairs in highly concentrated solutions, the special ion 
pair of Na+ and I- could resemble, to some extent, that of the 
cation adsorbed at a silver atom at very negative potentials. 
Some of the hydrated water molecules may interact simulta- 
neously with the anion and cation of the ion pair to contrib- 
ute to the unique enhancement of the l b / l s  ratio. As other 
hydrated water molecules can only interact with the cation or 
the anion, the water structure may not be very ordered and 
the l b / l s  ratio does not become reversed as found at very 
negative potentials. After considering the marked chemical 
effects on the water bending vibration intensity in very con- 
centrated electrolyte solutions, it might be considered that 
there is no need to postulate the side-on orientation with 
respect to the surface. However, it must be pointed out that 
the largest I b / l s  of very concentrated solutions is only ca. 0.25, 
which is much less than the l b / l s  of cu. 2.0 for the surface 
water at - 1.7 V. Therefore, it is reasonable to assume that the 
reversal of the ratio of l b / l s  shown in Fig. 1 is at least partially 
related to the orientation of the surface water. 
Notably dramatic enhancement of 6(HOH) was observed in 
previous work in I- solutions at ca. -1.2 V 5 9  and CN- 
solutions at ca. -1.5 V.60 Fleischmann and Hill found dra- 

































































matic enhancement of 6(HOH) in the potential region where 
I -  or CN- started to desorb. They did not give a detailed 
discussion or explanation of this but simply interpreted this 
phenomenon in terms of the surface water being quasi- 
crystalline in the electrochemical en~ironment.’~ In order to 
check the possibility of observing the reversal of the ratio in 
the (pseudo-)halide solutions and confirm whether the abnor- 
mally intense band is truly from S(HOH), we measured the 
SERS signal at the Ag electrode with a normal ORC pretreat- 
ment from a solution of 0.1 mol dm-3 KCN and 0.1 mol 
dmP3 K2S0, with 50% D20. As shown in Fig. 5, the change 
of the SERS intensity of the stretching bands of H 2 0  at ca. 
3467 cm-’ and D,O at 2556 cm-l are parallel to that of the 
CN- anion at 2102 cm-l as in previous reports.61 As can be 
seen, three bands corresponding to 6(DOD), 6(DOH) and 
6(HOH) are found at ca. 1183, 1406 and 1606 cm-l, which all 
increase remarkably in intensity at highly negative potentials. 
This confirms that the abnormally intense band is from the 
bending vibration. At the very negative potentials where CN - 
is desorbed completely, the reversal of the Ib / l s  ratio is also 
observed although the signal is rather weak. The SERS active 
sites created by the normal in situ ORC procedure are 
destroyed usually at the potentials of the desorption of the 
(pseudo-)halide ions, which leads to the irreversible decompo- 
sition of the surface complexes. In the present study, CN- was 
desorbed gradually at quite negative potentials where the 
strong negative electrostatic force attracted the cation to the 
surface. In consequence the cation could replace the anion and 
stabilise the surface active sites. It should be pointed out that 
the cation interacts with the surface more weakly and can 
only stabilise part of the active sites so that the absolute inten- 
sity is decreased considerably as shown in Fig. 5. Therefore, 
the special ORC procedure with the reduction potential nega- 
tive of the P.Z.C. is more suitable to studies in the potential 
region of severe hydrogen evolution in solutions of pH >2. 
After carrying out a systematic study on the various (pseudo-) 
halide ion systems with attention to both the v(0H) and 
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Fig. 5 SERS spectra of water and cyanide adsorbed at silver elec- 
trodes from a solution of 0.1 mol dmP3 KCN and 0.1 mol dm-3 
K,SO, with 50% D,O. The wavenumber regions are: (a) 2050-2150 
cm-’, (b) 1100-1670 cm-’, (c) 2350-2750 cm-’, (d) 3250-3650 cm-l. 
ditions for observing a dramatic increase in the ratio l b / l s .  
First, the potential must correspond to the partial desorption 
of these specifically adsorbed anions. Under this special condi- 
tion, the surface complex can be decomposed while the Ag 
adatoms as the SERS active site still remain at the surface. 
The character of this metastable site is similar to that of the 
active site created by the special ORC, i.e., the ions and the 
water interact with the Ag adatoms by an electrostatic force 
only. Secondly, the desorption potential must be negative of 
the P.Z.C. For example, when a relatively low concentration of 
C1- or Br- is used, the halide ion starts to be desorbed at 
relatively positive potentials around -0.7 V. When the poten- 
tial approaches or crosses the P.z.c., the active sites are decom- 
posed completely with consequent diminution of the SERS 
signal and an intense signal of 6(HOH) is not observed. This 
provides an important clue that the abnormally high ratio of 
l b / l s  must correlate to the specific water orientation with 
hydrogen atom(s) attached to the surface. 
As discussed above, both the orientation of the interfacial 
water molecules and their interactions with the surrounding 
solution species could have effects on the SERS properties 
including the intensity, wavenumbers and FWHM of the 
water bands, in particular of the 6(HOH) mode. It is not at all 
surprising that the surface water spectrum differs from those 
of aqueous solutions and water in the gas phase. Indeed, 
recent in situ X-ray and IR studies in the polarised potential 
region illustrate that the interfacial structure is dramatically 
different from the structure of the solution p h a ~ e . ~ ~ . ~ ~  Indeed, 
the interfacial structure in the potential region of severe 
hydrogen evolution may be much more complicated than 
what we have described here. We hope this primary work and 
the very simple model proposed may provoke more extensive 
and systematic molecular-level studies of both experimental 
and theoretical work in order to gain a deeper insight into the 
interfacial structure of this special potential region. 
3.3 Pt-hydrogen vibrational properties at the potentials of 
hydrogen evolution 
In the above study, although particular attention was paid to 
seek a possible Ag-H vibrational band at the potentials of 
hydrogen evolution, a positive result was not obtained, prob- 
ably due to the relatively weak interaction of hydrogen and 
Ag. Since Pt is one of the most well studied metals which 
shows a strong interaction with hydrogen, it is of special inter- 
est to investigate the Pt-H vibrational property by in situ 
Raman spectroscopy. Pt has been predicted to yield only a 
weak SERS effect62 and in practice SERS has been limited 
almost entirely to Ag, Au and Cu which have the most pro- 
nounced surface enhancement effects. Very recently, by using a 
confocal microprobe Raman system having a very high sensi- 
tivity, we have obtained a series of surface Raman spectra of 
various organic and inorganic molecules adsorbed at pure Pt 
and Ni electrodes in a wide potential region for the first 
time.27-29 The observation of good quality surface Raman 
spectra at Pt electrodes also contributed greatly to a proper 
surface pretreatment developed by Arvia and c o - w o r k e r ~ ~ ~ , ~ ~  
and they claimed that the dispersed Pt surface offers high elec- 
trocatalytic a~tivity.~’ We have found that this type of Pt elec- 
trode provides extremely stable and reproducible Raman 
measurements, which is very important for recording a very 
weak spectral signal such as for v(Pt-H). 
Fig. 6 presents the surface Raman spectra of hydrogen 
bonded at the Pt surface in solutions of varying pH at poten- 
tials of hydrogen evolution. The spectra recorded in other 
potential regions, including strongly and weakly hydrogen 
adsorbed potential regions, have revealed more complex fea- 
tures, requiring further confirmation; these results will be pre- 
sented and discussed in detail elsewhere.66 These spectra 
appear to be the first Raman spectra of a metal-hydrogen 
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Fig. 6 Surface Raman spectra of hydrogen adsorption on the rough- 
ened platinum surface in solutions of varying pH: pH = 0, 0.5 mol 
dm-3 H,SO,; pH = 2, 1 mol dm-3 Na,SO,; pH = 7, 1 mol dm-3 
H,SO,; pH = 14, 1 rnol dm-3 NaOH. The wavenumber region is 
14oO-24oO cm-l. 
vibration obtained from an electrochemical system. It demon- 
strates significantly the high sensitivity of the confocal micro- 
probe Raman system over conventional Raman spectrometers 
and the advantage of proper surface pretreatment. In this 
study, although the electrolyte layer was ca. 1 mm thick the 
band of the bending vibration of the bulk phase water located 
at ca. 1644 cm-' was not too strong or broad. This is another 
advantage of the confocal microscope having a good vertical 
spatial resolution so that only a very small volume of the solu- 
tion (ca. 3 x 3 x 3 pm3 ) was sampled. However, there is a 
drawback of the microscope for studies in the potential region 
of hydrogen evolution. As the laser beam is introduced 
through the objective lens to the sample vertically, the Pt elec- 
trode has to be face-up so that the hydrogen bubbles remain 
readily at the surface and are more difficult to remove in com- 
parison with that used in the study of water where the laser 
beam was introduced into the sample horizontally. Therefore, 
measurement is restricted to the potential region of mild 
hydrogen evolution. 
In Fig. 6 the band located in the wavenumber region from 
2030 to 2100 cm-' is attributed to the adsorption of a hydro- 
gen atom singly coordinated on top of a surface metal atom.67 
Confirmatory evidence for the observed band arising from a 
hydrogen adsorbate has been provided by the spectra 
obtained using a D 2 0  + H2S04 electrolyte.28 The band 
located at 2094 cm-' in the H 2 0  + H2S0, electrolyte shifted 
to 1498 cm-' in the D20 solution, i.e. by a factor of 1.4, 
exactly as expected for the isotopic effect and the influence of 
anha rm~nic i ty .~~  It is important to note that the results con- 
cerning v(Pt-H) obtained by the IRAS and SFG are rather 
inconsistent. In the IRAS studies no metal-hydrogen vibra- 
tions were observed in the potential region of weakly and 
strongly adsorbed h y d r ~ g e n . ~ ~ - ~ '  Bewick and co-workers 
have assigned the v(Pt-H) band at ca. 2090 cm-' to be from 
an intermediate of hydrogen evolution.67 Recently Ito and co- 
workers found that this IRAS band wavenumber is sensitive 
to the surface crystallographic ~rientation.~' Based on the fact 
that the rate of hydrogen evolution is not dependent on the 
surface orientation, they concluded that the assignment of this 
terminal hydrogen as the intermediate remains ~ncertain.~'  
Very recently Tadjeddine and Peremans have applied the 
newly developed technique of SFG to study both poly- 
crystalline and single-crystal Pt electrodes. They detected 
Pt-H vibrations even in the potential region of weak hydro- 
gen adsorption. Moreover, they observed an additional band 
at 1770 cm-', which appears at 0 V us. NHE, and which 
increases in intensity with increasing overpotential. As this 
new band is dependent on the potential, they proposed an 
assignment of the 1770 cm-' band to dihydride adsorbed 
hydrogen for the hydrogen evolution i n t e ~ m e d i a t e . ~ ~ ? ~ '  Our 
Raman data from polycrystalline Pt electrodes in acid solu- 
tion (pH = 0), shown in Fig. 6, are in good agreement with 
those obtained for the IRAS work on the same system.67 
Unlike the SFG result we cannot detect the band at ca. 1770 
cm- ' although the band at 2094 cm- ' is quite intense in acid 
solution, indicating the good detection sensitivity in the 
present study. This means that in the potential region of 
hydrogen evolution, the band at 1770 cm-' is either absent or 
too weak and is submerged by the water-bending band, and 
the predominant surface species is the terminal bonded hydro- 
gen corresponding to the band at 2092 cm- ' of v(Pt-H). 
It is well known that the hydrogen evolution mechanism is 
very different in acidic and basic solutions. By using electro- 
chemical measurements, Conway and co-workers reported the 
responses for Pt in aqueous NaOH using fast potential scan 
rates and showed that the situation is more complex than in 
acidic medium. They interpreted their data in terms of slow 
electron-transfer reactions using theoretical expressions devel- 
oped earlier.72 To our knowledge, both the in situ IR reflec- 
tion absorption spectroscopy (IRAS) and SFG studies so far 
have only been performed in acid s o l ~ t i o n s . ~ ~ ~ ~ ~ - ~ ' ~ ~ '  There  
fore it would be of interest to extend the in situ vibrational 
study on the hydrogen-metal interaction to neutral and basic 
solutions. It is well known that the surface Raman signal 
intensity is dependent on the surface pretreatment. In order to 
obtain good comparable data from different pH solutions, the 
fact that the Pt electrode has a very good stability and reversi- 
bility was taken advantage For example, the electrode 
was first pretreated by cyclic voltammetry in a testing solution 
such as 0.5 mol dm-3 H2S04 until a reasonably good voltam- 
mogram was obtained [see Fig. 7(a)], then it was placed in the 
spectroelectrochemical cell containing the same solution for 
measurement. After this the electrode can be reused in solu- 
tions of different pH using the same procedure. Fig. 6 illus- 
trates that the Raman spectral properties of the v(Pt-H) 
are influenced considerably by the solution pH. Several spec- 
tral features can be noted. For solutions of pH 7-14, the spec- 
tral properties are very similar. The good agreement of 
spectral properties in this wide pH range can be explained 
simply by the good resemblance of the cyclic voltammograms. 
The potentials where hydrogen evolution occurs are all ca. 
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Fig. 7 Cyclic voltammograms of the roughened platinum electrode 
in (a) 0.5 mol dm-3 H,SO, (PH = 0, dashed line) and (b) 1 mol dm-3 
Na,SO, (PH = 2, solid line). Sweep rate: 20 mV s-'. 

































































- 1.0 V. The band intensity is rather weak, the FWHM is very 
broad (ca. 170 cm-') and the wavenumber is at ca. 2040 
cm- '. These spectral properties are distinctly different from 
those in a solution at pH = 0 with a band at 2092 cm- ' and a 
FWHM of ca. 93 cm-'. These differences may be indicative of 
the fact that the coverage and the structural order are higher 
for the hydrogen-bound layer to the surface in the strong acid 
solution than those in neutral and basic solutions. However, 
these data cannot readily explain the wavenumber difference 
of ca. 50 cm-' for the systems of pH < 1 and pH > 7, which 
could be due to the potential effect or related to the different 
evolution mechanisms. Because the faradaic current of hydro- 
gen evolution increases sharply with the negative shift of the 
potential in these systems and because large hydrogen bubbles 
alter the incident and scattering light significantly, it is impos- 
sible to obtain measurements in the potential region of severe 
hydrogen evolution. 
After systematic study at various pH systems, we found that 
the solution of pH = 2 is a suitable system showing transition- 
al behaviour, in which two types of hydrogen evolution 
coexist, as shown in a cyclic voltammogram in Fig. 7(b). Peak 
I represents hydrogen evolution similar to that in the strong 
acid solutions, while peak I1 corresponds to hydrogen evolu- 
tion in neutral and basic solutions. As the current of peak I 
and the hydrogen bubbles effect on the measurement are 
rather small, potential-dependent spectra can be recorded 
over a wide potential range from - 1.2 to -0.2 V (Fig. 8). At 
the negative potential extreme ( -  1.2 V), the band centred at 
ca. 2046 cm-' is very broad and actually exhibits several 
unresolved bands. This behaviour is nearly identical to that 
obtained in neutral and basic solutions. When the potential 
was made more positive, band properties including the inten- 
sity, wavenumber and FWHM changed gradually, indicating 
an increase in the bond strength and the surface coverage. In 
spite of the fact that the band shape at -0.4 V is more similar 
to that at -0.3 V in 0.5 mol dm-3 H,SO,, the wavenumber 
difference of ca. 20 cm-' could be interpreted by the inter- 
facial structural difference in these two systems. It is evident 
that both the potential and the interfacial structure can affect 
the hydrogen-metal interaction. We have also found that this 
band frequency can be affected substantially by coadsorbed 
organic molecules.66 The considerably high sensitivity avail- 
able in the present work enables surface Raman spectroscopy 
to yield detailed information on Pt surface bonding of hydro- 
gen and how it is affected by surface coverage, coadsorbate, 
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Fig. 8 Potential-dependent surface Raman spectra of hydrogen 
adsorption on the roughened platinum surface in 1 mol dm-3 
Na,SO, solution (PH = 2). The wavenumber region is 1400-2400 
clll-'. 
electrolyte ions and electrode potential. Finally it should be 
noted in Fig. 8 that the spectral band became more complex 
when the potential was moved into the weakly hydrogen 
adsorbed potential region, e.g., - 0.2 V, revealing the distinct 
change of the interface, which will be discussed in detail else- 
where.66 
At the present stage the results obtained seem to be difficult 
to ascertain and we cannot be sure that the surface species 
detected is the intermediate of the hydrogen evolution. 
Together with the IRAS and SFG techniques, more extensive 
work is required for probing at the molecular (atomic) level 
this interesting interface that could be more complicated than 
described. We hope this primary study will open a new avenue 
for the spectroelectrochemical studies on complex hydrogen 
evolution and adsorption processes. For example, by taking 
the advantage of Raman spectroscopy over IR and SFG tech- 
niques in detecting the vibrational bands in the low wavenum- 
ber region, measurements aimed at the detection and 
characterisation of multiply bound hydrogen species located 
in the range 500-1600 cm-' could prove to be extremely 
valuable, this is in progress in our laboratory. 
4. Conclusions 
It has been shown that in order to probe the interfacial struc- 
ture in the potential region of severe hydrogen evolution, it is 
possible to surmount disturbances of the spectroelectro- 
chemical measurement caused by strong hydrogen bubbling 
by using the surface enhanced effect and a thin-layer cell con- 
figuration. Adopting this approach, we have studied SERS 
spectra of water on Ag at very negative potentials at various 
concentrations of NaClO, . To explain the greater enhance- 
ment in the intensity for the bending mode, a preliminary 
model of the Ag/electrolyte interface at the potential of severe 
hydrogen evolution is presented. The surface water molecules 
are oriented with one hydrogen attached to the surface and 
the oxygen to the adsorbed cation which is partially dehy- 
drated due to the very strong electrostatic force. In compari- 
son with the vibrational properties of water in different 
environments including highly concentrated electrolytes and 
UHV systems, we further illustrate that the d(H0H) mode is a 
good source of information regarding the water orientation 
and its environment particularly at potentials of hydrogen 
evolution. In the final part of the paper we report for the first 
time the surface Raman spectra of hydrogen bound on Pt sur- 
faces in solutions of varying pH (0-14) at the potentials of 
mild hydrogen evolution. The predominant surface species is 
terminal bonded hydrogen giving rise to a v(Pt-H) band at 
2035-2092 cm-', depending on the pH and the potential. The 
result reveals that the Pt-hydrogen interaction is influenced 
by both the potential and the interfacial structure, which 
demonstrates the virtues of surface Raman spectroscopy for 
yielding information of transition-metal-adsorbate inter- 
actions. Although the structural information discerned from 
the present results is incomplete and rather qualitative in 
nature, we hope this primary study may stimulate more 
molecular-level research and descriptions of the electrochemi- 
cal interface in the potential region of hydrogen evolution. 
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